function of these genes in adult neurons. We first show that Dlx5 and Dlx6 are expressed by all subclasses of adult cortical GABAergic neurons. Then we analyse Vgat ∆Dlx5-6 mice in which Dlx5 and Dlx6 are simultaneously inactivated in all GABAergic interneurons. through Dlx5/6-dependent mechanisms. Understanding these regulations can be an entry point to unravel the processes through which the brain affects body homeostasis and, ultimately, longevity and healthy aging.
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SIGNIFICANCE STATEMENT
Dlx5 and Dlx6 are transcription factors controlling several developmental processes, including GABAergic neuronal migration and differentiation. To study their function in adult brain, we selectively inactivated both genes in GABAergic interneurons (Vgat ∆Dlx5-6 mice).
Mutant mice have reduced anxiety-like and obsessive-compulsive behaviors. Interestingly, Vgat ∆Dlx5-6 mice have a 25% body weight reduction and about 70% less white and brown adipose tissue; their general health status is excellent. Vgat ∆Dlx5-6 mice have a median survival about 33% longer than their control littermates and hallmarks of biological aging are improved. Dlx5/6-dependent regulations in GABAergic neurons could be an entry point to understand how the brain determines the psychophysiological status of the body and, ultimately, longevity and healthy aging.
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INTRODUCTION
Brain activity depends on GABAergic inhibitory interneurons, an heterogeneous class of neurons distinguished by diverse anatomical, biochemical and physiological characteristics (1) . GABAergic interneurons are found in the cerebral cortex (2) and in most other brain regions, including the hypothalamus (3); their activity affects functions as diverse as cognition, pain transmission (4) and feeding behavior (5) . Classically, more than 20 categories of inhibitory GABAergic interneurons have been described in the cortex and the hippocampus (2, 6) , however, the extent of GABAergic cellular diversity begins only recently to be appreciated thanks to single cell transcriptomic analysis (7) (8) (9) (10) . To generate these diverse morphotypes, neuronal progenitors engage in stereotyped transcriptional trajectories in which combinatorial sequences of transcription factors (TFs) progressively unfold specific differentiation programs (11) (12) (13) . During mouse development, cortical interneurons derive from progenitors located in the embryonic subcortical telencephalon (subpallium) (13-15). In particular, the majority of Parvalbumin (Pvalb) and Somatostatin At later stages, Dlx expression follows a temporal, positional, and functional sequence in the ventricular/subventricular (VZ/SVZ) zone of the embryonic ganglionic eminence (GE) In the adult brain, the levels of Dlx5 expression diminish considerably, however, analysis of the expression of a Dlx5/6 enhancer/reporter construct (29) and of a Dlx5 BAC (14) in transgenic mice suggests that a low expression level is maintained in mature In humans, DLX5 is located on chromosome 7q21.3 and is part of a gene cluster imprinted in lymphoblasts and brain tissues (40). In the mouse brain, however, Dlx5 is biallelically expressed with preferential transcription of the maternal allele (41, 42). An interesting association between DLX5 and the aging process comes from the linear correlation observed between aging and hypermethylation of DLX5 (43, 44) or during senescence of human mesenchymal stem cells (45, 46) . It has been shown that MECP2 binds to the Dlx5/6 locus suggesting its possible implication in Rett syndrome (42, 47). mice ( Fig. S3A-B ).
Behavioral defects associated with Dlx5/6 inactivation in GABAergic neurons
To examine how Dlx5/6 inactivation in GABAergic neurons affects adult mouse behavior we scored the performance of heterozygous and homozygous mutant mice in five different tests: locomotor activity, open field, marble burying, nest building and socialization.
Open Field Test (OFT)
Mice were filmed while freely moving in a 72x72 cm square flat arena for 10 minutes; the path followed by the animals was tracked and analysed ( Fig. 2A) . Vgat ∆Dlx5-6/+ and Vgat ∆Dlx5-6 mice travelled respectively two or four times more the distance than their control littermates ( Fig. 2A, B) . The peak and mean velocity reached by Vgat ∆Dlx5-6/+ and Vgat
∆Dlx5-6
mice was 2 to 4 times higher than that of their control littermates (Fig. S4A , B) moreover, the acceleration of Vgat ∆Dlx5-6 mice was up to six times higher than control and three times higher than heterozygous mutants (Fig. S4C ).
The time spent in the center of the open field was significantly increased in both Vgat
and Vgat ∆Dlx5-6 animals ( Fig. 2A) . In the OFT no difference was observed between males and females. Globally, the findings of the OFT suggest that adult mutants present a reduction in anxiety-like behavior.
Locomotor activity
Locomotor activity during a 90 min period was measured for control and Vgat ∆Dlx5-6 mice for 3 consecutive days. Control mice displayed normal spontaneous locomotor response and habituation to a novel environment with a high locomotor activity on day 1 that then decreased and stabilized on days 2 and 3. In contrast, Vgat ∆Dlx5-6 mice showed a significantly higher locomotor response on day 1 compared to controls; however on days 2 and 3 no significant difference was detected (Fig. S4D ). Altogether these results suggest that Vgat ∆Dlx5-6 mice do not show a generalized hyperactivity, but are more reactive to novelty.
Marble burying test (MBT)
The consequences of Dlx5/6 inactivation in GABAergic neurons on stereotyped repetitive behavior were assessed through the Marble Burying Test (MBT) (Fig. 3A) .
During the 10 min test, both Vgat ∆Dlx5-6/+ and Vgat ∆Dlx5-6 animals buried a significantly lower number of marbles than control littermates (Fig. 3A) . Remarkably, 42% (13/31) of the Vgat ∆Dlx5-6 animals did not bury or displace even one marble while only 7,7% (3/39) of the Vgat ∆Dlx5-6/+ animals presented this extreme phenotype which was never observed in the control group. Mutant animals and control littermates moved similarly throughout the cage, however, mutant mice passed over the marbles without stopping to bury them with rapid movements of their hind limbs as did their control littermates.
Nest building test
Nest building is an important natural behavior occurring without intervention or presence of the experimenter. We observed a statistically significant difference in the quality of constructed nest among control, Vgat ∆Dlx5-6/+ and Vgat ∆Dlx5-6 animals. The quality of the nests built by heterozygous and homozygous mutants was significantly lower than that of author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not peer-reviewed) is the . https://doi.org/10.1101/583708 doi: bioRxiv preprint control mice (Fig 3B) . The difference was already evident after one day (Fig. 3B lower panels) and persisted for at least seven days when the observation was terminated. At the end of the test, none of the Vgat ∆Dlx5-6 mice had built a high quality nest (Fig. 3B) , whereas all control mice had completed nest construction and only 40% Vgat ∆Dlx5-6/+ mice had generated high quality nests (Fig. 3B) .
Sociability tests
The (Fig. S6 ).
Metabolic consequences of Dlx5/6 inactivation in GABAergic neurons
Throughout their life both male and female Vgat ∆Dlx5-6 mice had a similar length, but presented a significantly lower body weight compared to control littermates. In most age groups, heterozygous mutants presented a similar, but less pronounced weight reduction (Fig.   4A, Fig. S7 ). After 5 months of age both female (Fig. 4A) and male (Fig. S7C ) Vgat
∆Dlx5-6/+
and Vgat ∆Dlx5-6 animals presented up to 25% body weight reduction compared to their normal littermates. Body mass reduction was already evident during growth (Fig. S7A,B ) and persisted in adult and aging animals (Figs. 4A, S7C ). At any age analysed the nose-to-anus (Fig.4C) . (n=12 each) of control and mutant animals at 2, 9 and 18 months of age in order to follow changes in this indicator of aging (56) . As shown in Fig. 5B the decline in coat condition of mutant mice was much slower than that observed in their control littermates.
Extended lifespan and healthspan of
These observations, together with the high level of alertness, motility and reduced adiposity of Vgat ∆Dlx5-6/+ and Vgat ∆Dlx5-6 mice suggest that inactivation of Dlx5/6 in GABAergic neurons results in a prolonged and healthier life span.
DISCUSSION
The main finding of this study is that transcriptional modifications limited to The molecular and cellular origin of the phenotypes displayed by Vgat ∆Dlx5- 6 animals is yet to be deciphered. Interestingly, during development, Dlx5 expression is sufficient to induce both GABA synthetizing enzymes, Gad65 and Gad67 (28, 57). Furthermore, ectopic expression of Dlx5 in the cerebral cortex can induce Gad65 expression (29). In humans, alterations of GAD65/67 have been consistently implicated in cognitive deficits including bipolar disorders and schizophrenia (58, 59) . Linkage analysis has identified GAD65 as one of the few genes associated to obesity (60).
Metabolic status is one of the major determinants of healthy aging and life expectancy (61) . In turn, metabolism is controlled by the activity of neuronal networks capable to integrate hormonal signals from peripheral organs and cognitive inputs from the central nervous system (62, 63) . Therefore, specific brain circuits can integrate sensory, cognitive and physiological inputs and affect the psychophysiological status of the body determining author/funder. All rights reserved. No reuse allowed without permission.
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The intimal link between cognitive, rewarding, hypothalamic and peripheral metabolic control systems is most probably at the origin of the comorbidity observed between metabolic syndrome and mental health disorders (64) . Individuals with schizophrenia, autism spectrum disorder and other psychiatric conditions have a higher prevalence of metabolic syndrome compared to the general population (65) . Reciprocally, obesity impairs cognition and produces atrophy of brain regions associated with learning and memory deficits. Metabolic and psychiatric disorders are both associated with an increased risk of all-cause mortality (66) . The pathophysiological, molecular and cellular mechanisms linking metabolic and psychiatric disorders to shorter healthspan are still poorly understood. A genetic component is suggested by the fact that several genetic conditions, such as Prader-Willi syndrome (PWS), present at the same time metabolic and cognitive impairment (67) and reduced life expectancy. Interestingly, it has been shown that Dlx5 promotes GABAergic differentiation participating to a protein complex which includes also MAGE-D1 and Necdin (NDN)(36, 37) one of the genes affected in PWS. Moreover, the DLX5/6 bigenic cluster is close to loci associated to autism (68) (69) (70) (71) .
A remarkable association between DLX5/6 and lifespan comes from the observation that these genes are progressively and linearly hypermethylated during human aging (43, 44, 72) and during cellular senescence (45) . DLX5/6 hypermethylation has also been observed in Down syndrome patients with cognitive and metabolic impairment (73) . Furthermore the methylation state of individual CpG sites of both DLX5 and DLX6 has been shown to increase in adipose tissue and correlate with age and BMI of both female and male cohorts (74) .
14
In the adult, Dlx5 and Dlx6 are not only important in the brain, but play also a central role in determining male (75) and female reproduction (50) . Our finding that Dlx5/6 are also important in determining healthspan and lifespan lead us to suggest that they might play an important role in establishing a fecundity/lifespan tradeoff during evolution. In this respect it is important to note that the methylation level of DLX5/6 increases in response to aging (43), metabolism (74) and life exposures (76) suggesting that these genes might be integrators of lifespan determinants.
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METHODS
completed nest (green), completely torn paper (light grey), partially torn paper (dark grey) or intact paper (purple). The percentage of mice in each category is indicated at 1, 3 and 7 days. mice is 33% longer than that of their control littermates.
B) Scoring of coat conditions of aging control and Vgat ∆Dlx5-6 mice. At 2, 9 and 18mo the external appearance (alopecia; coat conditions; loss of fur colour; loss of whiskers) was quantified on two groups (n=12 each) of mutant animals and normal controls (56) . Right panels show the coat conditions of two representative control and Vgat ∆Dlx5-6 18mo old animals. Log rank test was performed, **: p<0.01.
